Rationale Fendiline is a GABA B receptor-positive allosteric modulator and L-type Ca 2+ channel blocker that is safe for human use. Based on these pharmacological properties, fendiline may be useful to disrupt associative memories that can drive relapse to drug use in drug-addicted individuals Objective The current study evaluated the potential of fendiline to inhibit the maintenance and expression of learned associations between methamphetamine (meth) and an environmental context using conditioned place preference (CPP) in rats, to model for the associative learning that occurs during drug abuse by humans Methods Following meth conditioning (1 mg/kg), fendiline (5 mg/kg) was administered at various post-conditioning times to ascertain if there was a temporal window during which fendiline would be effective. Results Two once-daily injections of fendiline did not influence the maintenance of CPP regardless of the postconditioning treatment time while 10 once-daily fendiline treatments inhibited CPP maintenance (p <0.05). Fendiline administered immediately prior to the CPP test inhibited expression of meth-induced CPP in rats with a fendiline treatment history of 10 once-daily injections (p <0.05) or those that received two injections that corresponded to the last 2 days of the 10-day treatment (p <0.05). Fendiline did not produce preference or aversion on its own, nor did it alter motivated motor behavior. Conclusion Maintenance and expression of meth CPP is mitigated by repeated fendiline treatments when administered during the days that precede CPP testing. Reduction in the significance of meth-associated cues can reduce relapse; therefore, fendiline may be of value for addiction therapy in abstinent, meth-addicted humans.
Introduction
During repeated psychostimulant administration, associations are made between the rewarding effects of the stimulant and the context in which it was administered. After terminating drug treatments, the brain is hyper-responsive to psychostimulant-paired cues (Hotsenpiller et al. 2001; Hotsenpiller and Wolf 2002; Rebec and Sun 2005) which may contribute to cue-induced relapse to drug taking in abstinent addicts (Childress et al. 2008; Ehrman et al. 1992) . Aspects of this behavior can be studied using conditioned place preference (CPP), a behavior that can be observed in rodents and humans (Childs and de Wit 2009; Tzschentke 1998) . Thus, CPP has been proposed as a means to explore the potential of pharmacotherapies to reduce the significance of drugassociated cues. The current study is focused on methamphetamine (meth), a potent and highly abused psychostimulant, for which no FDA-approved pharmacotherapy is available.
Repeated administration of psychostimulants initiates a cascade of neuronal events that change over the hours and weeks following psychostimulant exposure (Jayaram and Steketee 2005; Zhang et al. 2000 Zhang et al. , 2001 . Time-dependent effects are observed after cessation of drug use by human meth abusers, with different phases being reported during the first 3 to 5 weeks of abstinence (McGregor et al. 2005; Zorick et al. 2010) , including time-dependent changes in cognitive function (Simon et al. 2010) . On a biochemical level, magnetic resonance spectroscopy analysis of neurotransmitter metabolite levels shows abnormal ratios of choline-N-acetylaspartate in recently abstinent humans vs. those who have abstained for more than 1 year (Nordahl et al. 2005) . Temporal instability is also observed in the GABA system as decreased functional coupling of the GABA B receptor (GABA B R) to G i/o proteins is observed at 14 days, but not 1 day, of withdrawal from repeated amphetamine (Zhang et al. 2000) . Thus, the dynamic state of the brain after repeated psychostimulant administration may provide "windows of vulnerability" during which the drug memory may be more sensitive to disruption.
The maladapted brain state that occurs after repeated psychostimulant administration is the consequence of numerous factors including adaptations that dampen inhibitory signaling to promote a hyper-excitable brain state. For example, the GABA B R system is downregulated (Frankowska et al. 2008; Kushner and Unterwald 2001; Zhang et al. 2000) and highvoltage activated L-type Ca 2+ channels are upregulated (Ford et al. 2009; Hu 2007; Nasif et al. 2005) . Thus, GABA B Rs and Ltype Ca 2+ channels have received attention as possible targets for addiction pharmacotherapy (Brebner et al. 2002; Rose and Grant 2008; Xi and Gardner 2008) . The inhibitory actions of GABA B Rs, activation of inwardly rectifying K + channels and inhibition of Ca 2+ channels (Bowery 1993; Mott and Lewis 1994) , should counteract psychostimulant-induced enhancements of neuronal excitability. Indeed, the GABA B R agonist baclofen abrogates psychostimulant-induced behaviors, including the maintenance and expression of amphetamine-induced behavioral sensitization (Bartoletti et al. 2004 (Bartoletti et al. , 2005 , expression of meth-induced CPP (Li et al. 2001) , nicotine-induced locomotor stimulation (Lobina et al. 2011) , nicotine-induced reinstatement of extinguished nicotine seeking (Fattore et al. 2009 ), as well as the self-administration of meth (Ranaldi and Poeggel 2002) , amphetamine (Brebner et al. 2005) , and cocaine . Baclofen also abrogates meth-induced (Arai et al. 2009; Mizoguchi and Yamada 2011) and cocaine-induced (Porrino et al. 2013 ) cognitive deficits. Drawbacks to treatment with GABA B R agonists include sedation and motor impairment (Cryan et al. 2004; Shoptaw et al. 2003) . Positive allosteric modulators (PAMs) of the GABA B R selectively augment GABA B R-mediated signaling in the presence of receptor-bound endogenous GABA (Gjoni et al. 2006; Urwyler et al. 2005) ; therefore, GABA B R PAMs have fewer negative side effects than direct-acting agonists. Furthermore, receptor desensitization and downregulation that occur with chronic agonist administration are not observed with PAMs (Gjoni and Urwyler 2008) . Similar to baclofen, GABA B R PAMs (CGP7930 and GS39783) reduce the maintenance of meth-induced CPP (Voigt et al. 2011b) , cocaine selfadministration Halbout et al. 2011; Smith et al. 2004) , cocaine-and cue-induced reinstatement of cocaine-seeking , nicotine selfadministration, and counteract nicotine-induced enhancement of brain reward function (Paterson et al. 2008 ). Attenuation of stimulant-induced behaviors is also observed with L-type Ca 2+ channel blockers which inhibit the expression of nicotine-induced (Biala 2003) , meth-induced, and cocaineinduced (Suzuki et al. 1992 ) CPP, cocaine-induced behavioral sensitization (Martin-Iverson and Reimer 1994) , the acquisition and consolidation of nicotine-induced cognitive effects (Biala et al. 2013) , and attenuate drug-primed reinstatement of nicotine self-administration (Biala and Budzynska 2008) . Thus, GABA B R PAMs and L-type Ca 2+ channel blockers can reduce a variety of stimulant-induce behaviors.
Behavioral consequences of abused drugs are often categorized into distinct phases: (1) development (when the behavior develops, also termed induction), (2) maintenance, and (3) expression (when the behavior is expressed in response to drug-associated cues). The latter two phases are relevant targets for addiction therapy. The capacity of GABA B Rs and L-type Ca 2+ channels to modify the maintenance of meth-induced behaviors is unknown, and thus is the focus of the current study. The dual pharmacological actions of fendiline, a GABA B R PAM and L-type Ca 2+ channel blocker, and its safety profile of fendiline in humans (Bayer and Mannhold 1987) , compelled us to ascertain the ability of fendiline to mitigate maintenance and expression of meth-induced CPP. This study is an important first step to determine if fendiline may be an effective therapy to mitigate meth-induced relapse in humans.
Materials and methods
Animals Male Sprague-Dawley rats (n =118, Harlan, Indianapolis, IN) weighing 225-250 g were acclimated to the vivarium for at least 5 days prior to experimentation. Cage mates received identical treatments and were housed in a climate-controlled environment on a 12-h light/dark cycle (lights on 7 am / lights off 7 pm) with ad libitum access to food and water. The Rush University Medical Center housing facilities are accredited through the Association for Assessment and Accreditation of Laboratory Animal Care, and all experiments were carried out in accordance with the conditions set forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Rush University Medical Center Institutional Animal Care and Use Committee.
Drugs (+)Methamphetamine HCl (Sigma, St. Louis, MO) was dissolved in 0.9 % saline and administrated as 1 mg/ml/ kg (as the base). Fendiline [N -(3,3-diphenylpropyl)-α-methylbenzylamine] (Sigma, St. Louis, MO) was dissolved in a 25 % ethanol/water solution and administered as 5 mg/ml/ kg. (+/−)Baclofen, (Sigma, St. Louis, MO) was dissolved in 0.9 % saline and administered as 4 mg/ml/kg. Pentobarbital (Ovation Pharmaceuticals, Inc., Deerfield, IL) was administered as 10 mg/kg. Treatments were administered intraperitoneally (i.p.) and doses were selected based on the following: Our prior dose-response evaluations determined that 1 mg/kg i.p. meth produces persistent CPP (Herrold et al. 2013; Voigt et al. 2011a; . The fendiline dose was guided by "Human Equivalent Doses" (HED) conversions (Bayer and Mannhold 1987; Chappell and Mordenti 1991) and from reports on doses tested in rats. Fendiline doses of 20-37.5 mg/kg alter blood pressure and heart rate in rats (Kozlovskii et al. 1996; Kozlovskii 1997; Maksimenko et al. 1997) . The HED for 30 mg/kg fendiline is 336 mg/70 kg human, which would not be well-tolerated as a chronic therapy (Bayer and Mannhold 1987) . To better align with HEDs and to avoid autonomic consequences, we opted to test lower doses. Our pilot studies with 10 mg/kg fendiline impaired spontaneous motor activity, while the selected dose of 5 mg/kg was devoid of motor effects (Fig. 5) . The baclofen (4 mg/kg) dose was within the range that attenuates methinduced CPP (1.25-5 mg/kg, i.p.) (Li et al. 2001; Voigt et al. 2011a ) and amphetamine self-administration (1.8-5.6 mg/kg, i.p.) (Brebner et al. 2005) in rats. The 4 mg/kg baclofen dose in rats equates to approximately 24 mg in humans (US Department of Health and Human Services 2005), which is within the dosage range that reduce aspects of alcohol (Ameisen 2005) and nicotine (Cousins et al. 2001) dependence, and cocaine selfadministration (Haney et al. 2006) in humans. Pentobarbital (a GABA A receptor PAM) was used as a positive control for motoric assessments at a dose of 10 mg/kg, which our pilot study verified is sufficient to induce motor slowing without a loss of righting reflex.
Conditioned place preference The test room was dimly lit (54-108 lux) with white noise (San Diego Instruments, San Diego, CA) continuously present. The apparatus (AccuScan Instruments, Inc., Columbus, OH) (63 cm×30 cm×30 cm) consisted of three chambers divided by Plexiglas sliding doors; two large conditioning chambers (25 cm×30 cm× 30 cm) separated by a small center chamber (13 cm × 30 cm×30 cm). Each chamber had distinct visual and tactile cues (chamber A, vertical lines on walls and an overturned paint dish glued to the center of a randomly patterned floor; chamber B, horizontal lines on walls and a square patterned floor; center chamber, no stripes on walls and a smooth, slightly raised platform floor). Time spent in each chamber and motor activity was monitored via two sets of photobeams (24 in the horizontal plane and 12 in the vertical plane). All studies were conducted during the light cycle.
Experiments 1-3: effects of fendiline on methamphetamineinduced CPP A 30-min pre-test was conducted 72 h prior to conditioning to determine unconditioned preference. As a group (n =108), rats spent approximately equal time in each chamber (45±2 % in chamber A and 47±2 % in chamber B, p =0.56); however, individual rats tended to spend more time in one chamber. To avoid a ceiling effect that may occur when rats are paired with a rewarding stimulus in the initially preferred chamber, for conditioning, meth was administered in the chamber in which the rats spent the least amount of time during the pre-test, as has been previously employed (Calcagnetti and Schechter 1994; Cunningham et al. 2003; Kurokawa et al. 2012; Nomikos and Spyraki 1988; Yu et al. 2013) . As a control, we verified that the meth dose and treatment protocol did not alter anxiety (elevated plus maze; data not shown) which is sometimes a concern with the biased CPP design. Conditioning occurred over 6 days ( Fig. 1) . As CPP outcomes are the same whether the meth-or the salineconditioning session occurs first (Voigt et al. 2011b ), methconditioned rats were given meth on days 1, 3, and 5 and saline on days 2, 4, and 6. During conditioning, rats were placed into the appropriate chamber of the CPP box immediately after the injection for 45 min. A 30-min, drug-free CPP test was conducted 3 days after the last conditioning session. Rats that did not increase time spent in the meth-paired chamber by 10 % (180 s) during the CPP test compared to the same chamber during the pre-test were excluded from the study (26/ 108 rats failed to meet this criterion). Culling rats based on the strength of learning has been used previously (Brenhouse and Andersen 2008; Guo et al. 2008; Paolone et al. 2009 ) to assure that only those rats that clearly acquired the task (i.e., made the association between drug and context) were used to determine the potential of various ligands to subsequently disrupt CPP. Rats were assigned to a treatment group such that the magnitude of preference expressed during CPP test 1 was approximately equal for all groups. Home cage fendiline or vehicle injections were administered according to specific protocols outlined below. Three days after the final home cage injection, CPP was tested again. The 3-day period between the last home cage injection and the preference test was imposed to allow for fendiline to be cleared from the system. While no information is available on the in vivo clearance of fendiline in rats, human elimination half-life is reported to be 20 h (400 mg/day for 19 days; p.o.) (Weyhenmeyer et al. 1987 ) and 20-35 h (3 mg, i.v. or 50-75 mg, p.o.) (Kukovetz et al. 1982) . As 4.5 half lives is considered sufficient for complete elimination, the 72-h washout period selected for rats was considered below that necessary to influence CPP outcomes. Experiment 1 (Fig. 1a) was designed to ascertain if early post-conditioning treatments of fendiline disrupted the short-term maintenance of methinduced CPP. Meth-conditioned rats were injected with fendiline or vehicle in the home cage, once daily for 2 days (days 10 and 11; Fig. 1a ). Experiment 2 (Fig. 1b) was designed to determine the effect of fendiline on the long-term maintenance of meth-induced CPP. Meth-conditioned rats received either: (1) 10 days of fendiline vehicle, (2) 10 days of fendiline, (3) 2 days of fendiline followed by 8 days of vehicle, or (4) eight injections of vehicle followed by 2 days of fendiline. These rats were then used to evaluate the effects of fendiline on the expression of CPP when tested immediately after a fendiline injection in Experiment 3 (Fig. 1b) . Seven to 10 days after CPP test 2, rats were "re-conditioned" (R 1 -R 4 ) to re-establish preference in all groups and prevent extinction of CPP that might occur after repeated testing. Three days after re-conditioning, rats were given a drug-free CPP test (CPP test 3) to verify place preference, and the 10 % criterion for task acquisition was re-applied. Three days later, fendiline or vehicle was administered immediately prior to CPP test 4. Behavioral effects of fendiline were apparent within the first 5 min after fendiline administration during CPP test 4 (vehicle history with vehicle challenge, 1,135±60s (n =9); 2-day-early fendiline history with fendiline challenge, 693±96 (n =12); 2-day-late fendiline history with fendiline challenge, 453±88 (n =14); 10-day fendiline history with fendiline challenge, 506±120 (n =12), one-way ANOVA p =0.0001); thus, the fendiline administration protocol was appropriate to detect fendiline-induced effects on CPP.
Experiment 4: effects of fendiline on motivated motor function The rotarod was used to ascertain the effects of fendiline on motivated motor behavior. The rotarod (San Diego Instruments, San Diego, CA) consisted of four 11-cm-wide lanes positioned to achieve a 46-cm fall height. The rotating drum (7 cm diameter) was accelerated 5-40 rpm over 5 min. A subset of meth-conditioned rats given vehicle home cage treatments were used (vehicle group in experiment 1). Rats were trained on the rotarod apparatus until they remained on the rotating drum for 3 min. On the test day, fendiline, baclofen, pentobarbital, or vehicle was administered and latency to fall from the apparatus was measured at time 0 (i.e., prior to injection), and 20, 40 min, and 1, 3, 6, and 24 h after the injection. A repeated measures design was used wherein all rats were evaluated with each ligand. Rats were "re-trained" on the apparatus 24 h prior to each test to ensure that the 3-min minimum criterion was maintained across multiple tests.
Experiment 5: assessment of fendiline in CPP/conditioned place aversion This experiment (Fig. 1c) was designed to determine if fendiline was rewarding or aversive. Rats were pre-tested and as a group time spent in each chamber was not significantly different (38±6 % in chamber A and 53±6 % in chamber B, p =0.24, n =12). Any rat that spent more than 75 % of the pre-test in one chamber was excluded from further analysis (i.e., 2 of 12). A counterbalanced design was used Fig. 1 Treatment protocols. a Experiment 1 evaluated the effects of home cage fendiline on the shortterm maintenance of meth-induced CPP. b Experiment 2 evaluated the effects of fendiline on the long-term maintenance of meth-induced CPP and experiment 3 evaluated the effects of an acute fendiline injection on the expression of methinduced CPP. Experiment 4 (not illustrated) assessed fendilineinduced effects on motor behavior on a rotarod. c Experiment 5 determined if fendiline was rewarding or aversive. Ø, no drug; V or Veh, vehicle (1 ml/kg); F or Fend, fendiline; M, meth; S, saline; R, reconditioning protocol (half received fendiline in the initially preferred chamber and half in the initially non-preferred chamber) because it was unknown if fendiline would produce a preference or an aversion. Conditioning occurred over 10 days; with two 45-min conditioning sessions each day. Rats were given fendiline vehicle and immediately placed in one CPP chamber in the morning and 4 h later the other chamber was paired with fendiline. This fendiline dosing paradigm emulated the most robust fendiline treatment paradigm used (i.e., 10 once-daily injections). Three days after the final conditioning session, rats were given a 30-min, drug-free CPP test and motor activity was monitored.
Statistical analysis Conditioned preference or aversion was defined as spending significantly more time in the drug-or vehicle-treated chamber, respectively. Two-way repeated measures ANOVA (chamber×CPP test) followed by a post hoc Newman-Keuls test was used to determine differences between time spent in each chamber (time spent in the center not included in the analysis). Motor activity during CPP test 4 was assessed using a one-way ANOVA followed by a post hoc Newman-Keuls. Rotarod assessments of motor function were conducted using a repeated measures ANOVA (treatment×time) followed by a post hoc Newman-Keuls. Statistical outliers (n =14 out of 118 rats), identified as greater than two standard deviations above or below the group average (CPP or motor data), were removed from the analysis. p <0.05 was considered significant. All data are shown as mean±SEM.
Results
Experiment 1: effects of fendiline administered during the early post-conditioning phase on short-term maintenance of meth-induced CPP (Fig. 1a) Following conditioning, preference for the meth-paired chamber was observed before and after two once-daily treatments of vehicle or fendiline. Figure 2a shows vehicle treatment ((n =8); chamber, F (1, 14) =77.807, p <0.001; test and interaction, not significant). Figure 2b shows fendiline treatment ((n =9); chamber, F (1, 16) =14.746, p =0.001; test and interaction, not significant). Post hoc analysis demonstrated significant preference for the meth-paired chamber during both CPP tests for vehicletreated (p <0.01) and fendiline-treated (p <0.01 for CPP test 1 and p <0.05 for CPP test 2) rats. While the time spent in the meth-paired chamber was reduced by fendiline, the preference for the meth-paired chamber was still significant; thus, 2 days of fendiline administered during the early post-conditioning phase did not disrupt the short-term maintenance of methinduced CPP.
Experiment 2: effects of fendiline administration on the longterm maintenance of meth-induced CPP (Fig. 1b) To ascertain if increasing the number of fendiline treatments could disrupt the long-term maintenance of meth-induced CPP, 10 home-cage treatments were administered. As shown in Fig. 3a , meth-induced CPP was not disrupted by 10 injections of fendiline vehicle (n =11; chamber, F (1,20) =63.355, p < 0.001; test and interaction, not significant). Thus, preference exhibited during CPP test 1 was not diminished by repeated testing or by home cage vehicle treatments. As shown in Fig. 3b, 10 once-daily treatments of fendiline disrupted meth-induced CPP (n =12; chamber, F (1,22) =11.129, p = 0.003; test, not significant; interaction, F (1,22) =4.800, p = 0.039), as the preference exhibited during CPP test 1 (p < 0.01) was no longer evident in CPP test 2 (post hoc NewmanKeuls). To determine if the ability of fendiline to antagonize maintenance of meth-induced place preference reflected processes that occurred only at the beginning or at the end of the 10-day fendiline treatment period fendiline injections were given on protocol days 10 and 11 (2-day-early fendiline) or 18 and 19 (2-day-late fendiline) (Fig. 1b) . Neither early nor late fendiline treatments disrupted CPP. Figure 3c shows 2-day-early fendiline (n =14; chamber, F (1,26) =47.050, p < 0.001; test, not significant; interaction, F (1,26) =11.056, p = 0.003). Figure 3d shows 2-day-late fendiline (n =16; chamber, F (1,30) =44.607, p <0.001; test and interaction, not significant). While the 2-day-early and 2-day-late fendiline treatments slightly reduced preference for the meth-paired chamber, CPP was retained with sufficient magnitude to preserve significance (Newman-Keuls; p <0.01). Thus, treatment duration, and not the post-conditioning phase in which the fendiline was administered, was critical for inhibiting the maintenance of meth-induced CPP. Fig. 2 The short-term maintenance of meth-induced CPP was not inhibited by fendiline (timeline in Fig. 1a) . Preference for the meth-paired chamber determined in CPP test 1 was not statistically altered by two once-daily injections of vehicle (a), or fendiline (b). Newman-Keuls test; ** p <0.01; * p <0.05. Filled diamond, time spent in meth-paired chamber; open square, time spent in saline-paired chamber; filled triangle, time spent in center chamber Spontaneous motor activity was monitored during CPP test 2 to determine if fendiline treatment history impacted motor activity during testing for preference. No significant changes in motor activity were observed. Horizontal activity outcomes were representative of all horizontal and vertical motor activity. Horizontal activity: 10-day vehicle (n =11) 3,649±246, 10-day fendiline (n =12) 3,373±362, 2-day-early fendiline (n =14) 4,280±232, and 2-day-late fendiline (n =16) 3,695± 209. These results demonstrate that spontaneous motor behavior during the CPP test was not altered by fendiline treatment history.
Experiment 3: effects of fendiline on the expression of methinduced CPP Experiment 3 was designed to ascertain if fendiline, administered immediately prior to the CPP test could disrupt the expression of meth-induced CPP. Rats used in this experiment were "re-conditioned" (Fig. 1b) to ensure that preference during CPP test 3 was similar in all groups, independent of treatment history (nine rats failed to meet the 10 % criterion for CPP and were excluded from further study: three in the vehicle, two in 10-day, one in 2-day-early, and three in 2-day-late fendiline groups). The reconditioning procedure revealed that a history of 10 fendiline injections (sufficient to disrupt CPP during test 2) did not impede the reacquisition of meth-induced CPP. Meth-conditioned rats with a vehicle treatment history and a vehicle challenge maintained preference during both CPP tests 3 and 4 ( Fig. 4a ; n =9; chamber, F (1,16) =18.780, p =0.001; test and interaction, not significant; post hoc Newman-Keul's, p <0.01 for both tests). Thus, vehicle injection immediately prior to CPP test 4 did not disrupt the ability of the rats to express a preference. Rats in the 2-day-early fendiline treatment group also expressed a preference for the meth-paired chamber during both the drug-free CPP test 3 and the fendiline-challenged CPP test 4 ( Fig. 4c ; n =12; chamber, F (1,22) =14.315, p =0.001; test and interaction, not significant; post hoc Newman-Keuls, p <0.01 for both tests). In contrast, CPP was nullified by the fendiline challenge for rats in the 10-day fendiline and 2-day-late Fig. 3 The long-term maintenance of meth-induced CPP was inhibited by 10, but not two, injections of fendiline (timeline in Fig. 1B , Experiment 2). All groups showed preference for the meth-paired chamber during CPP test 1. a Rats administered 10 once-daily injections of vehicle expressed CPP during CPP test 2. b Rats administered 10 once-daily injections of fendiline did not express CPP during CPP test 2. c and d Rats administered two once-daily injections of fendiline, which corresponded to the first 2 days (c), or the last 2 days (d) of the 10-day treatment, retained preference for the meth-paired chamber during CPP test 2. Newman-Keuls test; ** p <0.01. Filled diamond, time spent in meth-paired chamber; open square, time spent in saline-paired chamber; filled triangle, time spent in center chamber Fig. 4 The expression of meth-induced CPP was inhibited by fendiline only in rats with a treatment history of 10 fendiline injections, or two injections corresponding to the last two treatments of the 10-day treatment protocol (timeline in Fig. 1b, Experiment 3) . All "re-conditioned" rats demonstrated preference for the meth-paired chamber during CPP test 3. In contrast, fendiline given immediately prior to CPP test 4, had a treatment history-dependent effect on the preference expression during this test. a Rats with a treatment history of 10 fendiline vehicle injections expressed CPP following the vehicle challenge (CPP test 4). c CPP was also retained when the fendiline challenge was given to rats with a treatment history of two fendiline injections during the first two treatment protocol days (early fendiline history). b and d Fendiline challenge immediately prior to CPP test 4 blocked preference in rats with a treatment history of 10 once daily fendiline injections (b) or two fendiline injections on the last 2 days of the 10-day protocol (d). Newman-Keuls test; ** p <0.01. Filled diamond, time spent in meth-paired chamber; open square, time spent in saline-paired chamber; filled triangle, time spent in center chamber treatment history groups. The 10-day fendiline history is shown in Fig. 4b (n =12; chamber and test, not significant; interaction, F (1,22) =14.483, p =0.001; post hoc NewmanKeul's, p <0.01 for CPP test 3). The 2-day-late Fendiline History is shown in Fig. 4d (n =12; chamber, F (1,26) =7.105, p =0.013; test, not significant; interaction, F (1,36) =8.574, p = 0.007; post hoc Newman-Keul's, p <0.01 for CPP test 3). These findings indicate that fendiline treatment history is critical in determining the ability of a fendiline challenge to disrupt the expression of CPP.
As the results with CPP indicated that the brain may have adapted to 10 fendiline injections, we monitored motor activity during CPP test 4 to determine if motor behavior also showed changes indicative of neuronal adaptations. Horizontal activity was reduced in all fendiline-challenged groups (10-day vehicle history with vehicle challenge 3,259±268 (n =9), 10-day fendiline history with fendiline challenge 1,611±270 (n =12), 2-day-early fendiline history with fendiline challenge 1,999±290 (n =12); 2-day-late fendiline history with fendiline challenge 1,478±142 9 n =14); ANOVA p <0.001; post hoc Newman-Keul's p <0.001 for all fendiline-challenged groups vs. the 10-day vehicle history with vehicle challenge). Similar outcomes were obtained for the other horizontal and vertical motor activity (data not shown). While activity was significantly decreased by fendiline independent of treatment history, it did not impede the capacity of rats to express methinduced CPP as rats with the 2-day-early fendiline treatment history demonstrated CPP despite having significantly reduced motor activity (Fig. 4c) .
Experiment 4: effect of fendiline on rotarod performance To investigate the effects of fendiline on motor behavior, rats that were meth-conditioned and given home cage vehicle treatments in experiment 1 were tested on the rotarod to determine if fendiline-induced deficits in motivated motor function. Saline served as a negative control and baclofen and pentobarbital as positive controls. As shown in Fig. 5 , baclofen (p < 0.05) and pentobarbital (p <0.01) impaired motivated motor function at 20-and 40-min post-injection. No impairments were observed with fendiline or its vehicle (treatment, not significant; time, F (6,270) =3.357, p =0.003; interaction, F (24, Experiment 5: assessments of fendiline in CPP / conditioned place aversion To best interpret the effects of fendiline, we evaluated the capacity of fendiline to produce preference or aversion. A conditioning paradigm for fendiline was employed that mimicked the most robust fendiline protocol used to disrupt meth-induced CPP (10 once daily injections). Ten days of fendiline conditioning did not induce a chamber bias (n =8; pre-test (843±103 vs. 760±100 s), CPP/CPA test (777±113 vs. 839±105 s)); chamber, test, and interaction: not significant); therefore, fendiline was neither rewarding nor aversive. Furthermore, motor activity revealed that behavioral response to fendiline remained unchanged throughout 10-day protocol indicating that neither sensitization nor tolerance occurred as a result of the 10 once daily treatments (horizontal activity: day 1 fendiline, 1,009±92 vs. day 10 fendiline, 1,263 ±106 photobeam breaks, p =0.09).
Discussion
The current study revealed that meth conditioning induced a preference for the meth-paired chamber that was not diminished by home cage injections nor repeated testing; however, CPP was disrupted by fendiline administration in a durationdependent manner. To the best of our knowledge, this is the first evaluation of the ability of fendiline to alter behavioral effects of a psychostimulant. Consequently, it was prudent to demonstrate that the fendiline dose employed was not rewarding or aversive. While acute fendiline administration reduced general motor activity (effects were equivalent for all groups independent of treatment history, i.e., the 10-day fendiline group did not exhibit greater motor deficits than the 2-dayearly fendiline group), this effect did not interfere with motivated motor behavior assessed with the rotarod, nor did it impair the ability of rats to demonstrate a preference for the meth-paired chamber (e.g., the 2-day-early Fendiline group had decreased motor activity but still expressed CPP). Together these data indicate that the CPP outcomes of fendiline administration were independent of effects on motor function. Last, the duration of the fendiline treatment proved to be more relevant for attenuating meth-induced CPP, than the postconditioning time during which fendiline was administered. The findings showed that sustained interruptions of mechanisms critical for the maintenance of meth-induced CPP occurred only when more than two fendiline injections were administered and suggest that chronic treatment renders fendiline most effective.
Maintenance of place preference The maintenance of associative memories involves numerous neurotransmitter receptors, ion channels, and downstream mediators (Alberini et al. 2006; Bailey et al. 2004; Wang et al. 2006) . Fendiline is a GABA B R PAM (Kerr et al. 2002; and an Ltype Ca 2+ channel blocker (Nawrath et al. 1998; Tripathi et al. 1993) , and each of these may alter substrates critical for memory maintenance. While it is clear that fendiline potentiates GABA B R signaling in vitro (Chen et al. 2005; , there is controversy regarding the ability of fendiline to function as a GABA B R PAM in vivo (Urwyler et al. 2004) ; therefore, the respective contribution of fendiline acting as a GABA B R PAM or as an L-type Ca 2+ channel blocker in the current study awaits further studies with selective ligands. Nonetheless, the outcomes obtained with fendiline are exciting, especially in terms of addition therapy, and fendiline warrants further investigation for its clinical utility in this capacity.
Following repeated psychostimulant exposure, brain adaptations are brain region and withdrawal time specific. For example, the activated form of CREB (pCREB) is increased in the frontal cortex at three, but not at 14 days of withdrawal from repeated meth (McDaid et al. 2006) . CREB is a mediator not only of psychostimulant-induced adaptations but also of learning and memory (Berke and Hyman 2000; Kelley 2004; Nestler 2001) ; therefore, modifying CREB may be a viable mechanism for disrupting processes necessary to maintain meth-induced CPP. Extracellular GABA concentrations also are differentially regulated in the medial prefrontal cortex following repeated stimulant exposure whereby cocainesensitized rats have elevated GABA levels at one and 7 days after the last cocaine injection, but not at 28 days (Jayaram and Steketee 2005) . Although these time-dependent effects are reported for GABA and CREB, we did not see different effects when two fendiline injections were administered during the "early" or "late" withdrawal periods in experiment 2. However, it might be that at different withdrawal times, fendiline may have been more effective.
The protocols employed in the current study identified treatment duration-dependent effects of fendiline. We showed that 10 injections of fendiline, but not two, inhibited the maintenance of meth-induced CPP, suggesting that relatively sustained fendiline-induced changes in neuronal signaling were necessary to disrupt memory maintenance. The nature of these neuroadaptations likely do not involve upregulation of GABA B Rs as more selective GABA B R PAMs (GS39783 and CGP7930) do not influence GABA B R expression (Gjoni and Urwyler 2008) . However, additional assessments that focus on time-dependent changes in GABA B Rs and downstream mediators, including L-type Ca 2+ channels may provide important mechanistic insights about how fendiline disrupted CPP maintenance.
Expression of place preference Treatment history influenced the ability of fendiline to inhibit the expression of methinduced CPP. Fendiline challenge immediately prior to CPP testing blocked CPP expression only for rats with treatment histories during the later phases of withdrawal with two (2-day-late) or 10 fendiline injections, but not in rats administered fendiline during early withdrawal (2-day-early). These outcomes may reflect different time periods of "vulnerability" to fendiline and/or a critical length of time between terminating fendiline treatment and testing for CPP expression. Our findings also determined that tolerance or sensitization do not occur in response to repeated fendiline treatments, as the CPPinhibiting effect of two fendiline injections (2-day-late) was also observed following 10 injections. These outcomes are clinically relevant as long-term treatments will likely be necessary for anti-addiction therapy.
Re-exposure to cues associated with abused substances increases neuronal activity in a region specific manner in humans (Childress et al. 1999 (Childress et al. , 2008 Kilts et al. 2004 ) and rodents (Brown et al. 1992; Rhodes et al. 2005; Zombeck et al. 2008) . Augmenting inhibitory neurotransmission inhibits mnemonic processes (Castellano et al. 1989; Swartzwelder et al. 1987; Zarrindast et al. 2004) . Accordingly, augmenting GABA receptor signaling via systemic administration of gamma vinyl-GABA, to prevent GABA degradation, inhibits the reinstatement of CPP (DeMarco et al. 2009 ). Thus, it is plausible that fendiline-induced inhibition of neuronal activity may be involved in the ability of fendiline to inhibit the expression of meth-induced CPP.
Study considerations and summary The goal of this study was to identify withdrawal times and treatment duration necessary for fendiline to disrupt the maintenance and expression of meth-induced CPP. A caveat that deserves consideration is the potential influence of the fendiline vehicle (25 % ethanol) on experimental outcomes. This ethanol concentration (0.2 g/ kg) is subthreshold to that which induces behavioral sensitization (de Macedo et al. 2013; Masur and dos Santos 1988) and CPP (Rezayof et al. 2012) . Moreover, we verified that the 25 % ethanol vehicle did not induce motor impairment on the rotarod (Steiner et al. 2011) . Thus, while alcohol can represent an active drug treatment, the dose administered in the current study was below that necessary to influence motor function.
Another caveat deserving discussion is the choice of the fendiline dose. As detailed in the "Methods", the dose was based on literature for its use in rats and dosing equivalency for safe use in humans. Given that the focus of the current study was on withdrawal time and treatment duration, the experimental design did not accommodate a dose-response analysis. Nonetheless, future studies with multiple doses of fendiline will be informative as to efficacy, tolerability, and toxicity of fendiline, especially during chronic use.
In summary, our results reveal that fendiline treatment successfully disrupted the maintenance of drug-context associations in specific fendiline administration protocols. Ten days of fendiline treatment produced the most robust inhibitory effects on CPP expression; however, the late withdrawal period appeared to be important as two injections of fendiline during this time promoted the ability of a fendiline challenge to mitigate meth-induced preference. These observations suggest that there may be post-conditioning "windows of opportunity" for fendiline to be particularly effective in blocking the maintenance of CPP. As cue-induced relapse is highly problematic in human meth-addicts, by reducing the impact of drug-associated cues, fendiline or other GABA B or calcium channel ligands may provide much needed assistance to maintain abstinence.
